A novel image analysis method combined with recently developed powerful computing hardware is proposed, in which the time course for the image data of silver staining gel taken during the developmental process was used for the analysis of protein spots in two-dimensional polyacrylamide gel electrophoresis. The alignment procedure of the time course gel images using the landmark spots of plastic fragments was a critical step in the precise analysis of protein spots. The merged, or adjacent, protein spots that inhibit the quantification and identification of the proteins were successfully segmented from regions that were automatically determined from the previous time gel image, which effectively removed operator subjectivity. Furthermore, the effect of termination time of the developing process on the gel image analysis was not a concern, because the present analysis used the whole-time course of the gel image.
INTRODUCTION
Two-dimensional polyacrylamide gel electrophoresis (2-DE) is a powerful tool for precise protein separation and can be effectively applied to proteome analysis based on the Peptide Mass Fingerprint (PMF) method using Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry (MALDI TOF MS). We unconsciously expect that the images from 2-DE gels should consist of clearly defined protein spots, approximately circular or elliptical areas of high density, on a uniform background of low density. However, a biological sample includes many kinds of proteins, nucleonic acids, peptides, and so on, which can influence the 2-DE spots of one another. Software-based image analysis is a crucial step in the biological interpretation of 2-DE 1) . We have often found overlapped and/or merged spots in 2-DE gel images, which might inhibit the identification and defining boundaries of protein spots in cases of edge-finding (also known as edge detection) algo-rithms based on Laplacian or Gaussian fitting [2] [3] [4] . Usually, we need manual operation for the segmentation of overlapping spots, which can cause a deviation or a difference in separate lines, as interpreted by individuals, which is also known as operator subjectivity. Such manual operations have serious effects on the estimation of the spot volume and the location of the spot centroid (center of gravity). Recently, other methods have been applied, such as watershed transformation 5) , which can segment spots in 2-DE gel [6] [7] [8] , but cannot segment spot regions if the spots are connected to one another by the saturated black spots.
N. Leigh Anderson has conceptually proposed the use of time courses of the 2-DE image for calculation of the kinetic index concerned with the spot volume change 9) . Bertram Becher et al. also reported time-based analysis of silver-stained proteins in acrylamide gels, a method that can improve dynamic range for the gel image produced and better quantification of proteins, but the segmentation of spots was not described in the report 10) . With the ever-increasing capacity of available hardware, advanced image processing methods have become feasible, and many sheets of gel images can now be treated in a short time.
We tried to use the time course for silver stained gel images during the developing process in 2-DE for the automatic segmentation of overlapped protein spots, in which the spot analysis in each sheet was based on the watershed transformation.
MATERIALS AND METHODS

Samples
The tissue sample (4 mm×4 mm×2 mm ) of hepatic cancer, which was kindly supplied by the Department of Gastroenterological Surgery, Graduate School of Medicine, Kyoto University, was homogenized manually with 1 ml of lysis buffer containing 8 M urea, 1.98 M thiourea, 2% (w/v) CHAPS, 2% (w/v) TritonX-100, 0.3 M dithiothreitol, and 200 μL of IPG buffer (GE Healthcare, USA) using a mortar and pestle. The homogenized solution was stocked in an Eppendorf tube. In the case of Escherichia Coli, the sample was prepared for 2-DE as follows. The culture broth was diluted to 3 of OD 600 with 6.67×10 −2 M phosphate buffer (pH 7.0), then 1.2 mL of this diluted solution was centrifuged for 1 min at 15000 rpm at 4°C. Cells were washed 3 times for 1 min at 15000 rpm in 6.67×10 −2 M phosphate buffer (pH 7.0) and the cell pellet was resuspended in 1.2 mL of the lysis buffer. The sample solution was transferred to a screw-capped tube (volume, 2 mL, Biospec Products, Inc., USA) with 1 mL of glass beads (diameter, 0.1 mm). The tube was set on a MINI-BEADBEATER (Biospec Products, Inc., USA), and homogenization was carried out 3 times for 1 min at 5000 strokes per minute. 
2-D PAGE
In both cases of cancer tissue and E. Coli, the homogenized solution harvested from the tube was diluted 10-fold and centrifuged for 15 min at 15000 rpm at 20°C. The overall procedure for 2-DE basically followed the protocol in the review by A. Görg et al. 11) , and SWISS-2D PAGE (http:// us.expasy.org/ch2d/), and the silver staining procedures were based on the method of Shevchenko et al. 12) . The development process in the silver staining was carried out using the "Smart Imager" for capturing the silver stained gel image. The Smart Imager, which is schematically shown in Fig. 1A , was developed by Horiba Co Ltd. and the tray is equipped in the instrument. The gel was set in the tray with developing solution, as shown in the photograph of Fig. 1B , and the tray was reciprocally shaken for smooth development. The process of shaking and scanning was carried out alternately, and we were able to set the time interval of the scanning and shaking process. A CCD image sensor was located in the upper portion of the tray and was used for the scanning of the 2-DE gel image. We set the landmark spots in each gel, which were later used for the alignment of the gel image in the image analysis before setting the 2-DE gel image on the tray. Small black plastic fragments were fixed on the gel by quick-drying glue for the setting of the landmark spots. Fig. 2 shows an example of the time course of the 2-DE gel images during the developing process for the tissue sample of hepatic cancer. These images were captured using the Smart Imager. Usually, the gel image files are stored as bitmap files and image pixels are stored with a gray scale and a color depth of 8 bits per pixel.
Image analysis
Original software was developed for the analysis of the 2-DE gel images, and the source code was written in Intel Visual Fortran. The process for the analysis of the 2-DE gel images using the software is described as follows.
The original pixel data in the image files are transformed to numerical data, which are stored as matrix data in the text files, and the pixel coordinates representing the pixel locations in the image files.
For clarification, we will use the modified pixel values from this point forward. The relationship between the original pixel values and the modified pixel values is shown in the following equation.
The modified pixel value=255-the original pixel value. The modified pixel value for a color of white is zero. On the other hand, the pixel value for the color black is 255. Fig. 3 shows the schematic view of the spot region determination process. The determination was started from the bottom level (n), that is, the black color (pixel value=255). Next, the spot region determination proceeds to the upper layer (n-1). If the part of a spot region (A) in the upper layer overlaps with the spot region in the lower (bottom) layer, the spot number in the overlapped upper spot region is assigned to the same number as that in the lower layer, as shown in Fig. 3 . Then the immersion process starts from the edge of the overlapped region until all of the spot numbers inside the spot region (A) are changed to the lower layer spot number. If the spot area includes a plural spot number in the lower layer, the watershed line is determined automatically, as shown in Fig. 3 , and the immerse process is based on the watersheds algorithm proposed by Luk and Pierre 5) . If the upper spot area does not overlap any spot region in the lower layer, a new spot number is assigned to the spot area. The above-mentioned procedure is repeated until the spot region is defined by the watershed method at the top-level color (white) of the gel image.
However, this procedure cannot segment the special spot area, as with that shown in Fig. 4a2 , including the plural black regions and should be separated into two regions, as shown in Fig. 4d . In this case, we found the segmented regions in the previous image, as shown in Fig. 4a1 . It can be seen that the segmentation of Fig. 4a2 into two regions should be carried out using the watershed line and spot number data that were determined in the previous image analysis. Fig. 4 shows the segmentation procedure schematically. After the assignment of the current spot number to the previous spot, the immersion process is used to assign the remaining black area, as shown in Fig. 4b-d . The spot number was assigned in the gray zone using the watershed algorithm, as shown in Fig. 4 .
Alignment of the 2-DE gel series image is based on the selected landmark spots. During the development process in gel staining, the gel is moved in the tray of the Smart Imager, and the gel position in the tray is not the same in each gel image captured by CCD scanning of the Smart Imager. Therefore, we needed to adjust or warp the gel images to align the spots in each gel image, which present the time course of each spot image during the developing process. Selection of the landmark spots in every gel image is accomplished either automatically or semi-automatically by a mouse-click operation, and the landmark spot regions are indicated by red color. The selection procedure can be redone, and can be smoothly corrected.
Adjusting or warping is carried out as follows. We assumed that the gel in the tray moved parallel and right angle to the tray movement, and with its expansion and contraction. The gel at the beginning of the developing process was assigned as standard gel. First, we adjusted the other gel coordinate so that the centroid coordinate of the landmark spots in each gel was the same as that in the standard gel. Second, we adjusted the rotation angle of the gel coordinates in order to minimize the distance between the centroid locations of each of the landmark spots in the standard gel with those of the corresponding landmark spots in the other gels. If the rotation angle was θ, the new coordinate (x', y') of each pixel location was recalculated using the following equations. where (x, y) was the original coordinate of the pixel location before rotation.
Finally, we adjusted the coordinate axes by expansion and contraction to minimize the distance between the landmark spots of the standard gel and the corresponding landmark spots in the gel of interest. The expansion and contraction was carried out using the following quadratic equation, of which parameter values of a 1 , a 2 , b 1 , and b 2 , were estimated by the method of least squares so as to minimize the distance between the centroid locations of the landmark spots in the standard gel and the location of the landmark spots in the transformed gel of interest.
where (x 1 , y 1 ) is the original coordinate of the centroid of a landmark spot, and (x 2 , y 2 ) is the coordinate of the transformed centroid.
Then the new coordinate (x',y') of the gel of interest was calculated using the following equations.
Where (x, y) is the original coordinate before transformation. By the two-step transformations based on Eqs. (1) and (2), the alignment process was carried out successfully.
Spot volume, of which the area is defined by previous operation, is calculated using the following equation.
where Vol(i) is the volume value of spot(i), and ip is the pixel number of spot(i), np means the total pixel number of spot(i), Pixel(ip) is the pixel value, and bp is the background color pixel value.
RESULTS AND DISCUSSION
First, by using the "Paint Shop Pro" software (Corel Japan Ltd.), we constructed a model of gel images that presents the virtual time courses of the gel image during the developing process of silver staining. The model images are constructed by considering the problems, which are contained in the actual 2-D image of cancer and E. coli and are difficult to be solved by the ordinary image analysis, and are shown in Fig. 5 . This model presents the background color: overlapping spots and small spots that appear only in the later images. In spite of the difficulties, our system correctly recognized the spots and the segment of the overlapped spots, as can be seen in Fig. 6 . In this Figure, white line represents the borderline between the different spot regions. The small spots, such as spots 7 and 11, can be successfully recognized. This figure shows that segmentation can be carried out even in the case of the two spots connected by a perfect black band, in which the watershed and other methods could not segment the area. The analysis using model images indicates the superiority of the present method, which uses the time course of developing gel over the usual analysis method that incorporates no consideration of the time course for the gel image. However, the present manner, which is our proposed method, is not suitable for the real 2-DE gel image because the gel location was not the same in the tray of Smart Imager at each of the image acquisitions during the developing process. Also, the gel image can be a bit moved and changed in shape. Then we wanted to align the gel images using the landmark spots. The landmark spots can be distinguished from the protein spots if the landmark spots have remarkable characteristics which could not be recognized in the other protein spots. It was taken for granted that the selected spots should have a suitable size and shape, which would be almost constant in a best-case scenario.
But we often met with unfortunate situations such as an inadequate number of clear spots in the early development, or unclear gel images with a background color that was too dark due to over-development. In these situations, we need to use the artificial spots as landmark spots. We tried to label the spots directly on the 2-DE gel using many kinds of ink, crayons, and heated pen tips. Finally, we found that the plastic fragment can be easily attached on the surface of the gel by using quick-drying glue. We used the small plastic fragments with black color as the landmark spots. Their shape was constant, and they could easily be distinguished from the other protein spots. The use of the artificial landmark spots has another advantage of automatic determination for standard spots, because the computer can easily recognize landmark spots due to a consistent shape in every gel. If we obtain the 15 gel images at one minute intervals-the time course of a developing gel image-we need to set at least 6 standard points for each gel, which would be a total of 90 standard points that must be selected correctly. Therefore, automatic selection is practically essential. In our case, the landmark spots had remarkable characters of dark color and a constant small size, and the selection was carried out successfully. Fig. 7 shows an example of the image analyzing result using the time course of developing gel image. These gel image were obtained by 2-DE using Escherichia coli W3110. In the case of using one image gel, 935 spots were distinguished as shown in the left figure, but 1025 spots were distinguished using the time course of developing gel images as shown in the right figure. For clarification, broken arrows show the example of the advantage of the ingenious segmentation using time course analysis compared with the traditional analysis. In the analysis using only one image, we could distinguish a smaller number of spots: 6 min development image, 57 spots; 7 min, 141; 8 min, 276; 9 min, 413; 10 min, 541; 11 min, 655; 12 min, 740; 13 min, 846; 14 min, 914; and, 15 min, 935.
Furthermore, the traditional analysis result using one image can be varied depending on the time of terminate reagent addition, because the gel image was changed with the terminate time. In the case of using the time course, the analysis result cannot be changed with the terminate time, and we did not need to select the termination time for acquiring the appropriate gel in which many spots appeared and the background color was not so dark that it might not affect the distinguishing of spots in the gel.
